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VXFKDVXOWUDVRQLFDQGKRWSODWHZHOGLQJ ODVHUZHOGLQJRIIHUV WKHSRVVLELOLW\RIDVHOHFWLYHDQGFRQWDFWOHVVHQHUJ\
GHSRVLWLRQZKLFKSUHGHVWLQHVLWIRUZHOGLQJRISODVWLFFRPSRQHQWVVHQVLWLYHWRWKHUPDODQGPHFKDQLFDOVWUHVV>@
7KHSULQFLSOHRIFODVVLFODVHUWUDQVPLVVLRQZHOGLQJLVEDVHGRQGLIIHUHQWRSWLFDOSURSHUWLHVRIWKHMRLQLQJSDUWQHUV
2QHSDUWKDV WREH ODVHUWUDQVSDUHQWZKHUHDV WKHRWKHUKDV WRSRVVHVVDKLJKDEVRUSWLRQFDSDELOLW\7KXVZLWK WKH
ODVHUWUDQVSDUHQW SDUW IDFLQJ WKH ODVHU EHDP WKH UDGLDWLRQ LV DEOH WR SHQHWUDWH WR WKH XQGHUO\LQJ SDUW ZKHUH LWV
HOHFWURPDJQHWLFHQHUJ\LVFRQYHUWHGLQWRKHDW7KURXJKWKHFRQWDFWWKHJHQHUDWHGKHDWLVVSUHDGLQWKHLQWHUIDFHDUHD
IXVLQJERWKSDUWVORFDOO\)LJXUH>@

)LJ3URFHVVSKDVHVLQODVHUWUDQVPLVVLRQZHOGLQJ
0RVW WKHUPRSODVWLFV IHDWXUHDKLJK WUDQVSDUHQF\ LQ WKH VSHFWUDO UDQJHRI FODVVLFEHDPVRXUFHVXVHG LQSRO\PHU
ZHOGLQJQP,QRUGHUWRVHQVLWL]HWKHPWRODVHUUDGLDWLRQDEVRUEHUVDUHXVHGZKLFKLVFRQVLGHUHGDVWKH
PDLQ GUDZEDFN RI ODVHU WUDQVPLVVLRQ ZHOGLQJ >@ $EVRUEHUV QRW RQO\ UHTXLUH DQ DGGLWLRQDO SURFHVV VWHS IRU
DSSOLFDWLRQ EXW DOVR DIIHFW WKH RSWLFDO SURSHUWLHV RI WKH FRPSRQHQW ,Q WKH HDUO\ GD\V FDUERQ EODFN ZDV XVHG
H[FOXVLYHO\ GXH WR LWV RXWVWDQGLQJ DEVRUSWLRQ SURSHUWLHV DW ORZ FRVW2YHU WLPH QHZDEVRUEHUVZHUH GHYHORSHG WR
VDWLVI\WKHLQFUHDVLQJGHPDQGIRUDODUJHUFRORUYDULHW\RIODVHUZHOGDEOHSDUWV7RGD\ODVHUDEVRUEHQWSDUWVFDQKDYH
DOPRVWDQ\FRORURUHYHQEHWUDQVSDUHQW>@
'HVSLWH WKH JUHDW LQGXVWULDO VXFFHVV RI ODVHU WUDQVPLVVLRQ ZHOGLQJ WKHUH LV VWLOO D ODUJH SRWHQWLDO IRU IXUWKHU
DSSOLFDWLRQ ILHOGV 2QH RI WKRVH LV XQGRXEWHGO\ WKHPLFURIOXLGLF GHYLFHPDUNHW ZLWK DQ H[SHFWHG DYHUDJH DQQXDO
JURZWKUDWHRIZLWKLQWKHQH[W\HDUV)RUWKHSURGXFWLRQRIPLFURIOXLGLFGHYLFHVWKHUPRSODVWLFVDUHLQFUHDVLQJO\
XVHGGXHWRWKHLUVHYHUDOSURFHVVDQGPDWHULDOUHODWHGDGYDQWDJHVHDV\FKHDSWRSURFHVVQRQWR[LFHWFFRPSDUHGWR
W\SLFDOPDWHULDOVOLNHJODVVDQGVLOLFRQ>@7\SLFDOO\DPLFURIOXLGLFGHYLFHFRQVLVWVRIDVXEVWUDWHFRQWDLQLQJIORZ
FKDQQHOV DQG UHDFWLRQPL[LQJ FKDPEHUV&DSSLQJRI WKHPLFURIOXLGLF VWUXFWXUHV LV DQ HVVHQWLDO SURFHVV VWHS LQ WKH
SURGXFWLRQ RI PLFURIOXLGLF GHYLFHV SRVLQJ KLJK GHPDQGV RQ WKH MRLQLQJ PHWKRG /DVHU ZHOGLQJ ZLWK LWV
FKDUDFWHULVWLFVFRXOGEHDQDSSURSULDWHPHWKRGEXWLQPDQ\FDVHVIDLOVEHFDXVHRIWKHUHTXLUHGDEVRUEHUVZKLFKPD\
DIIHFWWKHIXQFWLRQDOLW\RUHYHQSRVHDULVNWRWKHELRFRPSDWLELOLW\RIWKHGHYLFH>@:LWKRXWWKHQHHGIRUDEVRUEHUV
ODVHUWUDQVPLVVLRQZHOGLQJFRXOGQRWRQO\UDLVHLWVDWWUDFWLYHQHVVIRUPDQXIDFWXULQJRIPLFURIOXLGLFGHYLFHVEXWDOVR
ILQGDFFHVVWRIXUWKHUDSSOLFDWLRQDUHDV
$EVRUEHUIUHHODVHUWUDQVPLVVLRQZHOGLQJ
2.1. Fundamentals 
7KHRSWLFDOFRQGLWLRQVLQFODVVLFDQGDEVRUEHUIUHHODVHU WUDQVPLVVLRQZHOGLQJGLIIHUJUHDWO\IURPHDFKRWKHU$
VXLWDEOHPHDVXUHWRFKDUDFWHUL]HWKHRSWLFDOSURSHUWLHVDQGWKHDWWHQXDWLRQRIWKHLQFLGHQWODVHUUDGLDWLRQZLWKLQWKH
SRO\PHU UHVSHFWLYHO\ LV WKH DEVRUSWLRQ FRHIILFLHQW Į :LWKRXW WDNLQJ VFDWWHULQJ LQWR DFFRXQW D VPDOO DEVRUSWLRQ
FRHIILFLHQWLQGLFDWHVKLJKWUDQVSDUHQF\IRUWKHFRQVLGHUHGUDGLDWLRQZDYHOHQJWK+RZHYHUZLWKLQFUHDVLQJDEVRUSWLRQ
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FRHIILFLHQWDQHYHUODUJHUSRUWLRQRIWKHUDGLDWLRQLVDEVRUEHGDQGFRQYHUWHGLQWRKHDW7KHFRXUVHRIWKHLQWHQVLW\,]
ZLWKLQWKHPDWHULDOLVGHVFULEHGE\WKH/DPEHUW%HHU¶V/DZ

ܫሺݖሻ ൌ ܫ଴ ή ݁ିఈή௭ 

ZLWK,EHLQJWKHLQWHQVLW\RIWKHHQWHULQJUDGLDWLRQDQG]WKHFRRUGLQDWHLQWKHGLUHFWLRQRIEHDPSURSDJDWLRQ>@
7KH OHIW VLGHRI)LJXUHVKRZVD W\SLFDO LQWHQVLW\SURJUHVVLRQ LQFODVVLF WUDQVPLVVLRQZHOGLQJZKHUH WKHSODFHRI
HQHUJ\GHSRVLWLRQ LVGHWHUPLQHGE\ WKHGLIIHUHQWDEVRUSWLRQFRHIILFLHQWVRI WKH MRLQLQJSDUWQHUV:LWKRXWDEVRUEHUV
WKHUHDUHWZRFKDOOHQJHVHPHUJLQJIRUWKHODVHUZHOGLQJSURFHVVGHSRVLWLRQRIODVHUHQHUJ\GHVSLWHPLVVLQJDEVRUEHU
LQJHQHUDODQGDVHOHFWLYHHQHUJ\GHSRVLWLRQLQSDUWLFXODU

)LJ,QWHQVLW\SURJUHVVLRQVLQFODVVLFOHIWDQGDEVRUEHUIUHHULJKWODVHUWUDQVPLVVLRQZHOGLQJ
&ODVVLF ODVHU VRXUFHV DUH QR ORQJHU VXLWDEOH DV WKHLU UDGLDWLRQ LV EDUHO\ DEVRUEHG E\ PRVW WKHUPRSODVWLFV ,Q
FRQWUDVW DW ODUJHUZDYHOHQJWKV SRO\PHUV VKRZ FKDUDFWHULVWLF DEVRUSWLRQ EDQGV FDXVHG E\ UHVRQDQFH YLEUDWLRQV RI
VSHFLILFPROHFXODUJURXSVRI WKHSRO\PHUFKDLQ>@,Q ODVHUFXWWLQJ WKH LQWULQVLFDEVRUEDQFHRISRO\PHUVKDVEHHQ
H[SORLWHG E\ &2 ODVHUV IRU PDQ\ \HDUV +RZHYHU LQ WKLV VSHFWUDO UDQJH RQO\ WKLQ IRLOV FDQ EH ODSZHOGHG DV
UDGLDWLRQRI&2ODVHUVGRHVQRWSHQHWUDWHGHHSO\LQWRSRO\PHUV>@0RUHIDYRUDEOHSURSHUWLHVLQWHUPVRIRSWLFDO
SHQHWUDWLRQ GHSWK WKH UHFLSURFDO RI WKH DEVRUSWLRQ FRHIILFLHQW FDQ EH REWDLQHG E\ XVLQJ ILEHU DQG GLRGH ODVHUV
HPLWWLQJLQWKHUDQJHRIPZKLFKHQWHUHGWKHPDUNHWLQUHFHQW\HDUV)LJXUH

)LJ6SHFWUDODEVRUSWLRQFRHIILFLHQWVRIFRPPRQDPRUSKRXVWKHUPRSODVWLFV
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2Q WKH EDVLV RI VLPLODU DEVRUSWLRQ FRHIILFLHQWV WKH LQWHQVLW\ RI LQFLGHQW UDGLDWLRQ GURSV HYHQO\ RYHU WKH HQWLUH
FURVVVHFWLRQ IROORZLQJ WKH ODZ RI /DPEHUW %HHU )LJXUH  ULJKW VLGH $V KLJKHU ORFDWHG PDWHULDO OD\HUV DUH
LQHYLWDEO\H[SRVHGWRDKLJKHULQWHQVLW\WKHMRLQLQJSDUWQHUVDUHSODVWLFL]HGIURPWRSWRERWWRP7KHUHIRUHHIIRUWVLQ
DEVRUEHUIUHHODVHUWUDQVPLVVLRQZHOGLQJDLPDWPHOWLQJWKHLQWHUIDFHVHOHFWLYHO\
2.2. State of the art 
7R GDWH WKHUH DUH RQO\ D IHZ VWXGLHV GHDOLQJ ZLWK DEVRUEHUIUHH ODVHU WUDQVPLVVLRQ ZHOGLQJ LQ GHWDLO )LUVW
VXFFHVVIXOZHOGLQJMRLQWVDUHSUHVHQWHGE\(EHUW>@ZKRXVHVDODVHUZLWKPZDYHOHQJWK2WKHUVWXGLHVIRFXVRQ
WKHLQWHUUHODWLRQEHWZHHQSURFHVVSDUDPHWHUVDQGWKHZHOGVWUHQJWKIRUHLWKHUEXWWZHOGLQJ>@RUWUDQVPLVVLRQ
ZHOGLQJ>@GLVUHJDUGLQJWKHIRUPDWLRQRIWKHKHDWDIIHFWHG]RQH+$=+RZHYHUWKH+$=LVDXVHIXOLQGLFDWRURI
WKH WKHUPDO ORDG WKH MRLQLQJSDUWQHUVDUHH[SRVHG WRGXULQJ LUUDGLDWLRQ ,W LV IRUPHGE\KHDWLQJDQGFRROLQJRI WKH
PDWHULDO ZKLFK ORFDOO\ FKDQJHV LWV PRUSKRORJ\ DQG UHIUDFWLYH LQGH[ UHVSHFWLYHO\ 7\SLFDOO\ LQ DEVRUEHUIUHH
WUDQVPLVVLRQZHOGLQJWKH+$=ZLGHO\H[WHQGVDORQJWKHEHDPD[LVDVDUHVXOWRIWKHXQLIRUPDEVRUSWLRQZLWKLQWKH
MRLQLQJSDUWQHUV&RPSDUHGWRFRQYHQWLRQDOODVHUZHOGLQJDWKLQQHUOD\HUEHWZHHQWKH+$=DQGWKHH[WHUQDOVXUIDFHV
UHPDLQV VROLGGXULQJ LUUDGLDWLRQZKLFKFDQ OHDG WR IRUPDWLRQRIEXOJHVZKHQQRSUHVVXUHRUFRQYHFWLYHFRROLQJ LV
DSSOLHGWRFRXQWHUDFWWKHWKHUPDOH[SDQVLRQ)LJXUH%HVLGHVDIIHFWLQJWKHSDUW¶VDSSHDUDQFHEXOJHVDOVRLQGXFH
LQWHUQDO WHQVLRQV WKDW FDQ OHDG WR GLVWRUWLRQ HVSHFLDOO\ ZLWK IODW JHRPHWULHV DV RIWHQ HQFRXQWHUHG LQPLFURIOXLGLF
GHYLFHV

)LJ+HDWDIIHFWHG]RQHLQFODVVLFOHIWDQGDEVRUEHUIUHHULJKWODVHUWUDQVPLVVLRQZHOGLQJ
,QRUGHUWRDFKLHYHDPRUHOLPLWHG+$=RQHDSSURDFKLVVKDUSO\IRFXVLQJWKHODVHUEHDPRQWRWKHLQWHUIDFH:LWK
WKH LQWHQVLW\ VWURQJO\ GHFUHDVLQJ WRZDUGV WKH H[WHUQDO VXUIDFHV WKH MRLQLQJ SDUWQHUV DUH VXSSRVHG WR IXVH DW WKH
LQWHUIDFHZKLOHUHPDLQLQJVROLGLQWKHVXUURXQGLQJDUHDV>@7KHVDPHDLPLVSXUVXHGZLWKWKHVXSHULPSRVLWLRQ
RIVHYHUDOODVHUEHDPVRIZKLFKWKHLQWHQVLWLHVDGGLQWKHFURVVLQJSRLQW7KLVDSSURDFKLVVWDWHGWRSURYLGHDVPDOOHU
+$= FRPSDUHG WR VKDUS IRFXVLQJ KRZHYHU RQO\ IRU VPDOO DEVRUSWLRQ FRHIILFLHQWV  PP >@ $ IXUWKHU
RXWFRPHLVWKDWVXSHULPSRVLQJIRXUEHDPVLQVWHDGRIWZRSURYLGHVDPRUHIDYRUDEOHUHVXOW LQWHUPVRIWKHYHUWLFDO
H[WHQW RI WKH+$=2Q WKLV EDVLV0DPXVFKNLQ >@ LQYHVWLJDWHV WKH LQIOXHQFH RI D KROORZ FRQHVKDSHG LQWHQVLW\
GLVWULEXWLRQREWDLQHGE\DTXDVLVLPXOWDQHRXVLUUDGLDWLQJRIDULQJPLUURU7KLVLQWHQVLW\GLVWULEXWLRQFRUUHVSRQGVWR
WKHOLPLWLQJFDVHRIVXSHULPSRVLQJDQLQILQLWHQXPEHURILQGLYLGXDOEHDPVDQGKDVSURYHQLWVFDSDELOLW\WRSURGXFH
YHUWLFDOO\ OHVV H[WHQGHG+$=V7KHPDLQ GUDZEDFN LV WKH RFFXUULQJ DVWLJPDWLVPGXH WR WKH FXUYDWXUH RI WKH ULQJ
PLUURUWKDWSUHYHQWVDQHYHQPRUHVHOHFWLYHPHOWLQJRIWKHMRLQLQJDUHD
&RQVLGHULQJ WKH UHVXOWV LQ WKH OLVWHG VWXGLHV LW ZDV QRWHG WKDW WKH H[WHQW RI WKH+$= LVPRUH UHVWULFWHGZKHQ
ZHOGLQJLVSHUIRUPHGDWORZVSHHGV,WLVSUHVXPHGWKDWERWKWKHFODPSLQJJODVVSODWHDQGWKHVWUHDPRIFRPSUHVVHG
DLUZKLFKZHUHXVHGLQWKHDGGUHVVHGVWXGLHVDFWDVDKHDWVLQNWKXVEHLQJDEOHWRUHPRYHWKHJHQHUDWHGKHDWIURP
WKH VXUIDFH QHDU OD\HUV ZKHQ WKH HQHUJ\ LV SXW LQ DW D ORZ SDFH 7KLV SUHVXPSWLRQ LV FRQILUPHG E\ WULDOV XVLQJ
VDSSKLUH DV D FODPSLQJ SODWH LQVWHDG RI JODVV 'XH WR LWV FRQVLGHUDEO\ KLJKHU WKHUPDO FRQGXFWLYLW\ WKH SRO\PHUV
VXUIDFHUHPDLQHGVROLGHYHQZLWKRXWDSSO\LQJVWURQJIRFXVLQJ>@
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$QRWKHU DSSURDFK JHWWLQJ D YHUWLFDOO\ OHVV H[WHQGHG+$= LV OD\LQJ VHYHUDO VPDOO VHDPV VLGH E\ VLGH >@ %\
GHFUHDVLQJWKHHQHUJ\GHSRVLWLRQERWKWKHKHLJKWDQGWKHZLGWKRIWKH+$=FDQEHUHGXFHG7RREWDLQDFHUWDLQ+$=
ZLGWKZKLOHPDLQWDLQLQJ LWV KHLJKW WKH EHDP LV JXLGHG VHYHUDO WLPHV DORQJ WKHZHOGLQJSDWK EHLQJRIIVHW LQ HDFK
F\FOH7KHSRWHQWLDOWRLQIOXHQFHWKH+$=IRUPDWLRQWKURXJKGLIIHUHQWEHDPJXLGDQFHPHWKRGVFRXOGDOVREHVKRZQ
LQ >@ZLWK TXDVLVLPXOWDQHRXVZHOGLQJRIIHULQJ WKHPRVW SURPLVLQJ UHVXOWV ,Q WKLV SDSHU WKLV DSSURDFK VKDOO EH
IXUWKHUH[DPLQHG
2.3. Quasi-simultaneous laser welding 
2YHUWLPHVHYHUDOYDULDQWVRIODVHUWUDQVPLVVLRQZHOGLQJKDYHHYROYHGWKDWGLIIHULQWHUPVRIVKDSHDQGJXLGDQFH
RI WKHEHDP%HVLGHV FRQWRXUZHOGLQJ WKHPRVW FRPPRQYDULDQWV DUHPDVN VLPXOWDQHRXV DQGTXDVLVLPXOWDQHRXV
ZHOGLQJRIZKLFKWKHODWWHUVKDOOEHFRQVLGHUHGPRUHFORVHO\>@
7KH FRQFHSW RI TXDVLVLPXOWDQHRXV ZHOGLQJ LV EDVHG RQ WKH SRRU WKHUPDO FRQGXFWLYLW\ RI SODVWLFV 8VLQJ D
JDOYDQRPHWHUVFDQQHUWKHODVHUEHDPLVUDSLGO\PRYHGVHYHUDOWLPHVDORQJWKHZHOGLQJSDWKOHDYLQJRQO\OLWWOHWLPH
IRUWKHKHDWWRIORZRIIEHWZHHQWZRFRQVHFXWLYHF\FOHV7KXVWKHZHOGLQJFRQWRXUKHDWVXSDOPRVWKRPRJHQRXVO\
HQDEOLQJDVHWSDWKEHWZHHQWKHMRLQLQJSDUWQHUV,QWKLVZD\TXDVLVLPXOWDQHRXVZHOGLQJLVFDSDEOHRIEULGJLQJJDSV
VLPLODUWRVLPXOWDQHRXVZHOGLQJZKLOHPDLQWDLQLQJFRQWRXUIOH[LELOLW\,WDOVRRIIHUVVKRUWZHOGLQJWLPHVDQGDKLJK
ZHOGTXDOLW\ZKLFKFRQWULEXWHWRWKHSURFHVVJURZLQJDFFHSWDQFHHVSHFLDOO\LQPDVVSURGXFWLRQ
+RZHYHUWKHKLJKG\QDPLFVLQYROYHGLQWKHSURFHVVDOVRSODFHKLJKHUGHPDQGVRQWKHHTXLSPHQWZKLFKHQWDLOV
KLJKHU LQYHVWPHQW FRVWV IRU D TXDVLVLPXOWDQHRXV ODVHU ZHOGLQJ V\VWHP )XUWKHUPRUH WKH OHQJWK RI WKH ZHOGLQJ
FRQWRXU LV OLPLWHG DV WKH FRROLQJ LQWHUYDOV EHWZHHQ WKH F\FOHV EHFRPH ORQJHU ZLWK LQFUHDVLQJ FRQWRXU OHQJWK
'HSHQGLQJRQ WKH FDSDELOLW\ RI WKHZHOGLQJ V\VWHP RQO\ D FHUWDLQPD[LPXP OHQJWK FDQEHTXDVLVLPXOWDQHRXVO\
LUUDGLDWHG([FHHGLQJWKDWVSHFLILFOHQJWKWKHPDWHULDOVROLGLILHVEHIRUHEHLQJSDVVHGDJDLQE\WKHODVHUEHDPZKLFK
SUHYHQWVVHWWLQJRIWKHMRLQLQJSDUWQHUV
:KLOH LQ FODVVLF WUDQVPLVVLRQ ZHOGLQJ TXDVLVLPXOWDQHRXV ZHOGLQJ LV PDLQO\ XVHG EHFDXVH RI WKH PHQWLRQHG
EHQHILWV LW DSSDUHQWO\ RIIHUV DQ DGGLWLRQDO DGYDQWDJH LQ DEVRUEHUIUHHZHOGLQJ DV VXJJHVWHG E\SUHOLPLQDU\ WULDOV
'HSHQGLQJRQWKHLUUDGLDWLRQUHJLPHWKHVL]HRIWKH+$=FRXOGEHVLJQLILFDQWO\UHGXFHGFRPSDUHGWRUHVXOWVREWDLQHG
E\FRQWRXUZHOGLQJ
([SHULPHQWDOZRUN
3.1. Experimental setup 
7KHWULDOVZHUHFDUULHGRXWXVLQJWKHH[SHULPHQWDOVHWXSGHSLFWHGLQ)LJXUHLQFRQMXQFWLRQZLWKSRO\FDUERQDWH
3&DVWHVWPDWHULDO7KHUDGLDWLRQLVSURYLGHGE\DWKXOLXPILEHUODVHUQPZKLFKLVPRGHUDWHO\DEVRUEHGE\
3&Į PPDFFRUGLQJWRWKHVSHFWUXPLQ)LJXUH


)LJ([SHULPHQWDOVHWXS
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$GHWDLOHGRYHUYLHZRIWKHFRPSRQHQWVDQGEHDPFKDUDFWHULVWLFVRIWKHH[SHULPHQWDOVHWXSLVJLYHQLQWKHWDEOH
EHORZ
7DEOH&RPSRQHQWVDQGFKDUDFWHULVWLFVRIH[SHULPHQWDOVHWXS
/DVHUV\VWHP  %HDPFKDUDFWHULVWLFV
%HDPVRXUFH ,3*7/5  )RFDOGLDPHWHU P
6FDQQHU 5\ODVH6XSHUVFDQ  5D\OHLJKOHQJWK PP
2SWLFV 6LOO6/)7  $QJOHRIGLYHUJHQFH 

7KHVDPSOHVDUHSODFHGDQGFODPSHGLQWKHIL[WXUHDVVKRZQDERYH7KHVDPSOHKROGHULVPDGHRIDOXPLQXPDQG
KDVDPLUURUOLNHVXUIDFHUHIOHFWDQFHaWRFRXSOHWKHWUDQVPLWWHGUDGLDWLRQEDFNLQWRWKHZHOGLQJVDPSOHV
,QSUHOLPLQDU\WULDOVDIUHTXHQWRFFXUUHQFHRIEXUQLQJZDVREVHUYHGZKHQWKHEHDPZDVIRFXVHGRQWRWKHLQWHUIDFHRI
WKH MRLQLQJSDUWQHUV$V WKLV LVVXH LV OHVV SURQRXQFHGZLWK VKDUS IRFXVLQJRSWLFV WKH UHDVRQ VHDPV WR EH WKHKLJK
LQWHQVLW\RQWKHVDPSOHVVXUIDFH%HFDXVHRIWKHUHODWLYHO\ODUJH5D\OHLJKOHQJWKWKHLQWHQVLW\GURSVVORZHURXWVLGH
WKHEHDPZDLVW6LQFHLPSXULWLHVRQWKHVDPSOHVXUIDFHDUHPRUHOLNHO\WREXUQDWKLJKLQWHQVLWLHVDPRUHIDYRUDEOH
LQWHQVLW\ GLVWULEXWLRQ ZLWKLQ WKH MRLQLQJ SDUWQHUV KDV EHHQ DVSLUHG E\ SODFLQJ WKH IRFDO SODQH  PP EHORZ WKH
LQWHUIDFH
3.2. Results 
3.2.1. Preliminary contour welding trials 

,QWKHUXQXSWRWKHWULDOVUHODWHGWRTXDVLVLPXOWDQHRXVZHOGLQJDQDUELWUDU\SDUDPHWHUVHWIURPFRQWRXUZHOGLQJ
H[SHULPHQWV LV FKRVHQ DV UHIHUHQFH 7KH OLQH HQHUJ\  -PP RI WKLV SDUDPHWHU VHW LV FDOFXODWHG XVLQJ WKH
IROORZLQJHTXDWLRQZKHUH3LVWKHODVHUSRZHUYWKHIRUZDUGIHHGRIWKHODVHUEHDPDQGQWKHQXPEHURISDVVHV
ܧ௅ ൌ
ܲ
ݒ
ή ݊ 

)LUVW WKH HIIHFW RI WKH LQWHUDFWLRQ WLPHEHWZHHQ WKH ODVHU EHDPDQG WKH SRO\PHU LV LQYHVWLJDWHGE\SHUIRUPLQJ
FRQWRXUZHOGLQJ WULDOVDWGLIIHUHQW IHHG UDWHV7KHHQHUJ\ LQSXW LVNHSWFRQVWDQWDW-PPE\DGDSWLQJ WKH ODVHU
SRZHUDFFRUGLQJWR(TXDWLRQZLWKQ &RQVLGHULQJWKHWHDULQJIRUFHREWDLQHGLQDWHQVLOHVKHDUWHVWZHOGOHQJWK
PPWKHFXUYHGLVSOD\VDSODWHDXDERYHDIHHGUDWHRIaPPVDQGDVWHHSGHFOLQHEHORZWKLVYDOXH)LJXUH
$QRWKHUVHULHVRI WHVWVSHUIRUPHGIRUFRPSDULVRQDW-PPVKRZVDVLPLODUSURJUHVVLRQZLWKDSSUR[LPDWHO\WKH
VDPHWKUHVKROGYDOXHEHORZZKLFKWKHFXUYHGURSV

)LJ7HQVLOHIRUFHDQG+$=LQGHSHQGHQFHRIWKHIHHGUDWHFRQWRXUZHOGLQJ
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7KH ULJKW KDQG VLGH RI )LJXUH  LOOXVWUDWHV WKH IRUPDWLRQ RI WKH+$= DW  -PP IRU GLIIHUHQW IHHG UDWHV DQG
LQWHUDFWLRQWLPHVUHVSHFWLYHO\$VH[SHFWHGWKH+$=UHDFKHVWRWKHRXWVLGHVRIWKHMRLQLQJSDUWQHUVPDLQWDLQLQJLWV
VKDSHDERYHWKHWKUHVKROGIHHGUDWH%HORZWKHWKUHVKROGWKHVL]HRIWKH+$=FOHDUO\GHFUHVHVHVSHFLDOO\DORQJWKH
EHDPD[LV$SSDUHQWO\DWVORZIHHGUDWHVKHDW LVUHPRYHGFRQGXFWLYHKHDW WUDQVSRUWIURPWKHRXWHUOD\HUVRI WKH
MRLQLQJSDUWQHUVEHIRUH WKHPDWHULDO UHDFKHV WKHPHOWLQJSRLQW7KXV HQHUJ\GHSRVLWLRQ DW VORZ VSHHG FRQYHFWLYH
KHDWWUDQVSRUWDSSHDUVPRUHIDYRXUDEOHUHJDUGLQJWKHYHUWLFDOH[WHQWRIWKH+$=$PHDVXUHWRVHWWKHFRQYHFWLYH
DQGFRQGXFWLYHKHDWWUDQVSRUWLQUHODWLRQLVWKHGLPHQVLRQOHVV3pFOHWQXPEHU
ܲ± ൌ
ݒ ή ܴ
ܽ
 
,Q WKH FRQWH[W RI ODVHUZHOGLQJY LV WKH IHHG UDWH RI WKH ODVHU EHDP DQG5 LWV UDGLXVZKHUHDV D LV WKH WKHUPDO
GLIIXVLYLW\ RI WKH WKHUPRSODVWLF EHLQJ ZHOGHG (YHQ WKRXJK WKH WKHUPDO GLIIXVLYLW\ LV WHPSHUDWXUHGHSHQGHQW LQ
SDUWLFXODUIRUVHPLFU\VWDOOLQHSRO\PHUVLWFDQEHDVVXPHGDVPPVIRU3&ZLWKVXIILFLHQWDFFXUDF\>@,QFDVH
RI 3p !  KHDW FRQYHFWLRQ GRPLQDWHV RYHU KHDW FRQGXFWLRQ ZKHUHDV IRU 3p   KHDW FRQGXFWLRQ LV GRPLQDQW
$SSO\LQJ WKH YDOXHV 5   P DQG D  PPV LQ (TXDWLRQ  WKH SUHYLRXVO\ PHQWLRQHG WKUHVKROG YDOXH
Y PPVFRUUHVSRQGVWR3p ZKLFKLQGLFDWHVDSUHYDOHQWFRQYHFWLYHKHDWWUDQVSRUW6PDOOHU3pFOHWQXPEHUVDQG
IHHGUDWHVUHVSHFWLYHO\SURYLGHDVPDOOHU+$=EXWDOVRVORZGRZQWKHZHOGLQJSURFHVVZKLFKLVDOUHDG\VORZDWY 
PPV+HQFHLQFRQWRXUZHOGLQJDVHOHFWLYHHQHUJ\GHSRVLWLRQLVRQO\SRVVLEOHDWWKHH[SHQVHRIWKHIHHGUDWH

3.2.2. Quasi-simultaneous trials 

,Q TXDVLVLPXOWDQHRXV ZHOGLQJ WKH QXPEHU RI SDVVHV Q LV DQ DGGLWLRQDO SDUDPHWHU GHWHUPLQLQJ WKH LUUDGLDWLRQ
UHJLPH,WVLQIOXHQFHLVFRQVLGHUHGILUVWZKLOHNHHSLQJWKHOLQHHQHUJ\(/ -PPDQGODVHUSRZHU3 :
FRQVWDQWDFFRUGLQJWR(TXDWLRQ1RWHWKDWWKHIHHGUDWHYWKHUHIRUHKDVWREHDGDSWHGLQDFFRUGDQFHWRWKHQXPEHU
RISDVVHVQ
)LJXUHVKRZVVRPHH[DPSOHVRIWKH+$=OHIWVLGHDQGLWVGLPHQVLRQVLQGHSHQGHQFHRIWKHQXPEHURISDVVHV
ULJKW VLGH+8 DQG+/ DUH WKH SDUW RI WKH+$= H[WHQGLQJ LQWR WKH XSSHU DQG ORZHU MRLQLQJ SDUWQHU UHVSHFWLYHO\
ZKHUHDV:UHSUHVHQWVWKHZLGWKRIWKH+$=DWWKHLQWHUIDFH


)LJ$SSHDUDQFHRIWKH+$=OHIWDQGGLPHQVLRQVRIWKH+$=LQGHSHQGHQFHRIWKHQXPEHURISDVVHVULJKW
7KHILUVWWKLQJWREHQRWLFHGZKHQFRPSDULQJWKHVHFWLRQDOYLHZVLQ)LJXUH	LVWKHGHYHORSPHQWRIWKH+$=
VKDSH7KH+$=REWDLQHGLQTXDVLVLPXOWDQHRXVWULDOV)LJXUHLVOHQVVKDSHGWDSHULQJWRZDUGVWKHRXWVLGHVRIWKH
MRLQLQJSDUWQHUVZKHUHDV LQ FRQWRXUZHOGLQJ )LJXUH WKH+$=KDV UDWKHU WKH VKDSHRI D FLJDU&RQVLGHULQJ WKH
GHSHQGHQFHRIWKH+$=IRUPDWLRQRQWKHQXPEHURISDVVHV)LJXUHULJKWVLGHLWFDQEHQRWHGWKDWERWKWKHKHLJKW
DQGWKHZLGWKRIWKH+$=GHFUHDVHZLWKWKHQXPEHURISDVVHVGHVSLWHFRQVWDQWOLQHHQHUJ\$GHFOLQHLQWKH+$=
VL]HZDVDOVRREVHUYHGLQWKHSUHOLPLQDU\WULDOVZKHQWKHHQHUJ\ZDVSXWLQDWORZHUIHHGUDWHV+RZHYHUXQOLNHLQ
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WKHFRQWRXUZHOGLQJWULDOVWKHWRWDOZHOGLQJWLPHUHPDLQHVWKHVDPHKHUHDVWKHIHHGUDWHLVLQGLYLGXDOO\DGDSWHGWR
WKHQXPEHURISDVVHVWRNHHSWKHOLQHHQHUJ\FRQVWDQW8QIRUWXQDWHO\WKHUHGXFWLRQRIWKHYHUWLFDO+$=H[WHQWFRPHV
ZLWKDVPDOOHUZLGWKRIWKH+$=ZKHUHE\WKHVWUHQJWKRIWKHZHOGGHFUHDVHVDVZHOO7RILQGRXWLIWKHVDPH+$=
ZLGWKDVZLWKQ LVDWWDLQDEOHZLWKRXWWKH+$=H[WHQGLQJDFURVVWKHHQWLUHFURVVVHFWLRQIXUWKHUWULDOVDUHFRQGXFWHG
ZLWKDFRQVWDQWIHHGUDWHQXPEHURIF\FOHVEXWDYDULDEOHODVHUSRZHU&RQVLGHULQJWKHIDFWWKDWWKHIHHGUDWHJURZV
SURSRUWLRQDOWRWKHQXPEHURISDVVHVZKHQNHHSLQJWKHWRWDOZHOGLQJWLPHFRQVWDQWWKHSHUIRUPDQFHFDSDELOLW\RI
WKHVFDQQHUKHDGFDQEHUHDFKHGTXLFNO\7KHUHIRUHWKHSDUDPHWHUVHWQ Y PPVDQG3 :LVFKRVHQ
ZKLFKLVKLJKOLJKWHGLQ)LJXUH6WDUWLQJZLWK3 :WKHODVHUSRZHURUWKHOLQHHQHUJ\LVJUDGXDOO\LQFUHDVHG
ZKLOHNHHSLQJWKHRWKHUSDUDPHWHUVFRQVWDQW)LJXUHOHIW



)LJ'LPHQVLRQVRIWKH+$=LQGHSHQGHQFHRIWKHOLQHHQHUJ\OHIWVLPXODWHGLQWHUIDFHWHPSHUDWXUULJKW
$VH[SHFWHGWKHGLPHQVLRQVRIWKH+$=JURZZLWKWKHOLQHHQHUJ\&RPSDUHGWRWKH+$=REWDLQHGE\FRQWRXU
ZHOGLQJQ LQ)LJXUHLWEHFRPHVDSSDUHQWWKDWWKHDVSHFWUDWLRRIWKH+$=LVPRUHIDYRUDEOHZKHQLUUDGLDWLQJ
TXDVLVLPXOWDQHRXVO\8VLQJFRQWRXUZHOGLQJ WKH+$=KDVDZLGWKRIaPVSUHDGLQJDFURVV WKHHQWLUH FURVV
VHFWLRQ+8+/aPRIWKHMRLQLQJSDUWQHUV&RPSDUHGWRWKLVTXDVLVLPXOWDQHRXVZHOGLQJSURYLGHVDORZHU
WRWDOKHLJKW +8+/aPDW WKHVDPHZLGWK YDOXHVDUH LQWHUSRODWHG+RZHYHU WKHUHGXFWLRQRI WKHYHUWLFDO
H[WHQWRIWKH+$=E\FRPHVDWWKHH[SHQVHRIWKHHQHUJ\LQSXWZKLFKLQWKDWFDVHLVDSSUR[LPDWHO\
:KLJKHUFRPSDUHGWRFRQWRXUZHOGLQJ
7KH UHDVRQ ZK\ WKLV DSSURDFK SURYLGHV D PRUH IDYRUDEOH HQHUJ\ GHSRVLWLRQ ZLWKRXW VDFULILFLQJ WKH RYHUDOO
ZHOGLQJ WLPH EHFRPHV FOHDU FRQVLGHULQJ WKH WHPSHUDWXUH SURJUHVVLRQ DW DQ\ JLYHQ SRLQW RQ WKH ZHOGLQJ FRQWRXU
)LJXUH  ULJKW ,W LV FOHDU WKDW WKH WRWDO LQWHUDFWLRQ WLPH W,WRWDOEHWZHHQ WKH ODVHU EHDP DQG WKHPDWHULDO UHPDLQV
FRQVWDQW LQGHSHQGHQWRI WKHQXPEHURISDVVHV DV WKH IHHG UDWHZDVSURSRUWLRQDO\ LQFUHDVHG ,Q)LJXUH WKH WRWDO
LQWHUDFWLRQWLPHLVVIRUDQ\QZKHQWKHFRUUHVSRQGLQJYLVDSSOLHGLQWKHIROORZLQJ(TXDWLRQ

ݐூǡ௧௢௧௔௟ ൌ
ʹ ή ܴ
ݒ
ή ݊ 

+RZHYHUXQOLNHLQFRQWRXUZHOGLQJLQTXDVLVLPXOWDQHRXVZHOGLQJWKHLUUDGLDWLRQLVFDUULHGRXWJUDGXDOO\ZLWK
WKHLQWHUDFWLRQSKDVHW,IROORZHGE\DFRROLQJSKDVHW&$VLWFDQEHWDNHQIURP)LJXUHULJKWWKHMRLQLQJSDUWQHUV
DUH ORFDOO\H[SRVHGWRDSHULRGLFLUUDGLDWLRQRIZKLFKWKHGXUDWLRQW3,DOVRFRUUHVSRQGVWR WKHRYHUDOOZHOGLQJWLPH
IRUFORVHGFRQWRXUV,WLVHDV\WRXQGHUVWDQGWKDWZLWKLQFUHDVLQJQXPEHURISDVVHVIHHGUDWHWKHWHPSHUDWXUHMXPSV
EHFRPH VPDOOHUGXH WR WKH VKRUWHU LQWHUDFWLRQ WLPH W,&RQFXUUHQWO\ WKH FRROLQJSKDVH W&EHFRPHV VKRUWHU DVZHOO
ZKLFKUHGXFHVWKHWHPSHUDWXUHGURS$VWKHWHPSHUDWXUHFXUYHEHFRPHVVPRRWKHUWKHWLPHRISHULRGLFLUUDGLDWLRQFDQ
EHFRQVLGHUHGDV WRWDO LQWHUDFWLRQ WLPH6XEVWLWXWLQJ W,WRWDO IRU W3,  /YāQ V(TXDWLRQFDQEH VROYHG IRU WKH
IHHGUDWHQ ZKLFKHTXDOVY PPV3ODFLQJWKHREWDLQHGYDOXHLQ(TXDWLRQ5 PD PPV
WKH UHVXOWLQJ 3qFOHW QXPEHU LV 3q  :LWK WKH FRUUHVSRQGLQJ SDUDPHWHU VHW IRU FRQWRXU ZHOGLQJ Q 
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Y PPV(TXDWLRQSURYLGHV3q +HQFHDSSO\LQJTXDVLVLPXOWDQHRXVLUUDGLDWLRQWKH3qFOHWQXPEHUFDQEH
YLUWDOO\VKLIWHGWRZDUGVFRQGXFWLYHKHDWWUDQVSRUWZLWKRXWVDFULILFLQJWKHZHOGLQJVSHHG
6RIDUWKHFRQWRXUOHQJWKZDVUHODWLYHO\VKRUWPPFRQVLGHULQJWKDWLQW\SLFDODSSOLFDWLRQVZHOGLQJFRQWRXUV
DUH VLJQLILFDQWO\ ODUJHU7KHUHIRUH DQ DWWHPSW KDV EHHQPDGH WR WUDQVIHU WKH LUUDGLDWLRQ FRQGLWLRQV WKHPDWHULDO LV
H[SRVHGWRDW(/ -PPQ Y PPV)LJXUHULJKWVLGHWRORQJHUFRQWRXUV
,QRUGHUWRPDLQWDLQWKHWLPHRIH[SRVXUHDQGWKHZHOGLQJWLPHUHVSHFWLYHO\ZLWKORQJHUFRQWRXUVWKHIHHGUDWHQHHGV
WREHLQFUHDVHGSURSRUWLRQDOO\DVWKHQXPEHURISDVVHVVKDOOUHPDLQQ &RQVHTXHQWO\WKHODVHUSRZHUKDVWREH
LQFUHDVHGWRWKHVDPHH[WHQWWRHQVXUHFRQWDQWOLQHHQHUJ\VHH(TXDWLRQ8VLQJWKLVDSSURDFKWKHORQJHVWZHOGLQJ
FRQWRXULVPPZKHUHWKHODVHUV\VWHPUHDFKHVLWVPD[LPXPRXWSXWSRZHU:)LJXUHOHIWLQGLFDWHVWKDW
DSDUWIURPPLQRUIOXFWXDWLRQVLWLVSRVVLEOHWRWUDQVIHUWKHSUHYLRXVO\LGHQWLILHGLUUDGLDWLRQUHJLPHWRORQJHUFRQWRXUV
PDLQWDLQLQJWKH+$=GLPHQVLRQV([FHHGLQJPPOHQJWKWKHLUUDGWLDWLRQUHJLPHFDQQRORQJHUEHNHSWXSGXHWR
ODFNLQJODVHUSRZHU,IWKHSDUDPHWHUVHWIRUPPFRQWRXUOHQJWKLVIXUWKHUDSSOLHGWKHKHDWDFFXPXODWLRQJUDGXDOO\
FROODSVHVDQGWKHLQWHUIDFHWHPSHUDWXUHOHYHOVRIVRPHZKHUHEHORZWKHPHOWLQJSRLQWDVVXJJHVWHGE\WKHGHFUHDVLQJ
+$= GLPHQVLRQV )LJXUH  OHIW ,W LV LPSRUWDQW WR QRWH WKDW XS WR / PP WKH ZHOGLQJ WLPH UHPDLQHG WKH
W3, VVDPHUHJDUGOHVVRIWKHFRQWRXUOHQJWKZKLFKFRUUHVSRQGVWRDQHIIHFWLYHIHHGUDWHRIaPPV8VLQJ
PRUHSRZHUIXOOODVHUVRXUFHVWKHHIIHFWLYHIHHGUDWHFRXOGEHLQFUHDVHGHYHQIXUWKHU

 
)LJ'LPHQVLRQVRIWKH+$=LQGHSHQGHQFHRIWKHFRQWRXUOHQJWK

$VWKHH[SHULPHQWDOV\VWHPGRHVQRWSURYLGHKLJKHUODVHUSRZHUVWKHUHDUHRQO\WZRSDUDPHWHUVIHHGUDWHDQGWKH
QXPEHU RI SDVVHV WKDW FRXOG EH SRWHQWLDOO\ YDULHG 'HFUHDVLQJ WKH IHHG UDWH WR REWDLQ D KLJKHU OLQH HQHUJ\
(TXDWLRQZDVFRQVLGHUHGXQVXLWDEOHDVLWZRXOGSURORQJWKHLQWHUDFWLRQWLPHW,WKHUHE\HQODUJLQJWKHWHPSHUDWXUH
MXPSV,QDGGLWLRQWKHFRROLQJWLPHW&EHWZHHQWZRFRQVHFXWLYHF\FOHVZRXOGH[WHQGDVZHOOPDNLQJWKHWHPSHUDWXUH
MXPSVHYHQODUJHUFI)LJXUHULJKW7KXVLQVWHDGRIWKHIHHGUDWHWKHQXPEHURISDVVHVQLVLQFUHDVHG
6LQFHLWLVKDUGWRSUHGLFWWRZKDWH[WHQWQKDVWREHLQFUHDVHGIRUORQJHUFRQWRXUVLWZDVGHFLGHGWRDGGRQHSDVVSHU
PLOOLPHWHU&RQVLGHULQJWKHUHVXOWVLQ)LJXUHULJKWDSURSRUWLRQDOLQFUHDVHVHHPVMXVWDERXWULJKWWRPDLQWDLQWKH
+$= GLPHQVLRQV IRU ORQJHU FRQWRXUV +RZHYHU DW /  PP WKHUH ZDV QR ORQJHU D +$= GHWHFWDEOH ZKLFK
LQGLFDWHVWKHFROODSVHRIKHDWDFFXPXODWLRQ$WWKLVSRLQWWKHYLUWXDO3qFOHWQXPEHULV3q ZKLFKZDVLQWURGXFHG
DERYH W3, /YāQ V Y PPVZLWK WKH FRQGXFWLYHKHDW WUDQVSRUW FOHDUO\GRPLQDWLQJRYHU WKH FRQYHFWLYH
KHDWWUDQVSRUW
&RQFOXVLRQ
7KHSUHVHQWHGUHVXOWVLOOXVWUDWHWKHSRWHQWLDORIDTXDVLVLPXOWDQHRXVLUUDGLDWLRQWRREWDLQDPRUHIDYRXUDEOH+$=
FRPSDUHG WRFRQWRXUZHOGLQJ2QWKHEDVLVRIDUHODWLYHO\VKRUWFRQWRXUPPDQ LUUDGLDWLRQUHJLPHLV LQLWLDOO\
GHWHUPLQHGZKLFKSURYLGHVDVHOHFWLYHHQHUJ\GHSRVLWLRQ7KH LUUDGLDWLRQFRQGLWLRQVRFFXULQJZLWK WKLV UHJLPHDUH
WKHQWUDQVIHUUHGWRORQJHUFRQWRXUVE\DGDSWLQJWKHSDUDPHWHUVDFFRUGLQJWRWKHFRQWRXUOHQJWK7KLVZD\WKH+$=
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GLPHQVLRQVFRXOGEHPDLQWDLQHGXSWRPPOHQJWK)RUORQJHUFRQWRXUVLWLVQRWSRVVLEOHWRNHHSXSWKHUHTXLUHG
LUUDGLDWLRQ UHJLPHGXH WR D ODFNRI ODVHU SRZHU+RZHYHU E\ LQFUHDVLQJ WKH QXPEHU RI SDVVHV D VHOHFWLYH HQHUJ\
GHSRVLWLRQ LV DWWDLQHG IRU HYHQ ORQJHU FRQWRXUV XS WR PPEXW DW WKH H[SHQVH RI WKH UHTXLUHG HQHUJ\ DQG WKH
ZHOGLQJWLPH$ERYHWKLVOHQJWKWKHPHWOLQJWHPSHUDWXUHLVQRORQJHUUHDFKHGDVWKHUHZDVQR+$=GHWHFWDEOH8SWR
PPWKHVKRUWHVWZHOGLQJWLPHVREWDLQHGFRUUHVSRQGWRDQHIIHFWLYHZHOGLQJVSHHGRIaPPV OLPLWHGE\WKH
FDSDELOLW\RIWKHODVHUVRXUFH8VLQJPRUHSRZHUIXOOODVHUVRXUFHVWKHZHOGLQJVSHHGFRXOGEHIXUWKHULQFUHDVHG,Q
RUGHUWRSURFHVVORQJHUFRQWRXUVWKDQPPXQGHULGHDOLUUDGLDWLRQFRQGLWLRQVRQHSRVVLELOLOW\ZRXOGEHVSOLWWLQJWKH
HQWLUHFRQWRXULQVKRUWHUVHJPHQW/PPIRUZKLFKDQLGHDOLUUDGLDWLRQUHJLPHFDQEHIRXQGRQWKHEDVLVRIWKH
UHVXOWV SUHVHQWHG 7KRVH FRQWRXU VHJPHQWV DUH WKHQZHOGHG LQ VHTXHQFHZKLWKRXW DQ\ QRWLFHDEOH ORVV RIZHOGLQJ
VSHHG
5HIHUHQFHV
>@ +RIPDQQ$+\EULGHV/DVHUGXUFKVWUDKOVFKZHLHQYRQ.XQVWVWRIIHQ'RFWRUDO7KHVLV)ULHGULFK$OH[DQGHU8QLYHUVLW\(UODQJHQ
1UQEHUJ
>@ %RQHIHOG'(LJHQVSDQQXQJ6SDOWEHUEUFNEDUNHLWXQG6WUDKORV]LOODWLRQEHLP/DVHUGXUFKVWUDKOVFKZHLHQ'RFWRUDO7KHVLV8QLYHUVLW\
RI3DGHUERUQ
>@ 5XVVHN83UR]HVVWHFKQLVFKH$VSHNWHGHV/DVHUGXUFKVWUDKOVFKZHLHQVYRQ7KHUPRSODVWHQ'RFWRUDO7KHVLV5:7+$DFKHQ8QLYHUVLW\

>@

%RJOHD$1HZ3HUVSHFWLYHVIRUWKHDEVRUEHUIUHH/DVHU:HOGLQJRI7KHUPRSODVWLFVWK,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI
/DVHUV	(OHFWUR2SWLFV,&$/(2S$QDKHLP
>@ 5XVVHN8$/DVHUVFKZHLHQYRQ.XQVWVWRIIHQ*UXQGODJHQ(LQIOXVVJU|HQ$QZHQGXQJHQ6GGHXWVFKHU9HUODJRQSDFW*PE+
0QFKHQ
>@ 85/KWWSVZZZSVPDUNHWUHVHDUFKFRPSUHVVUHOHDVHPLFURIOXLGLFGHYLFHVPDUNHW3	60DUNHW5HVHDUFK
>@ %RHKP$-/DVHUWUDQVPLVVLRQZHOGLQJRISODVWLFVLQPHGLFDOGHYLFHPDQXIDFWXULQJí+RZWRFKRRVHWKHULJKWODVHUDGGLWLYH
3URFHHGLQJVRIWKHQGLQWHUQDWLRQDOFRQIHUHQFHRQMRLQLQJSODVWLFV3DSHU/RQGRQ
>@ /W]HOHU55/DVHUGXUFKVWUDKOVFKZHLHQYRQWHLONULVWDOOLQHQ7KHUPRSODVWHQ'RFWRUDO7KHVLVS5:7+$DFKHQ8QLYHUVLW\

>@ $QGUDVV\%$XVZHUWHYHUIDKUHQIUGLHLQWHOOLJHQWH,GHQWLILNDWLRQRUJDQLVFKHU6WRIIH'RFWRUDO7KHVLV5:7+$DFKHQ8QLYHUVLW\
>@ 2ORZLQVN\$(QJHOPDQQ&0DPXVFKNLQ9&OHDU6LJKWZLWKQHZ/LJKW.XQVWVWRIIH,QWHUQDWLRQDO,VVXHS&DUO+DQVHU
9HUODJ0XQLFK
>@ (EHUW7'HQ'XUFKEOLFNEHKDOWHQ7UDQVSDUHQWH.XQVWVWRIIHPLW/DVHUIJHQ.XQVWVWRIIH,VVXHS&DUO+DQVHU9HUODJ
0XQLFK
>@ 0LQJDUHHY,:HLUDXFK)2ORZLQVN\$6KDK/.DGZDQL35LFKDUGVRQ0:HOGLQJRISRO\PHUVXVLQJDPWKXOLXPILEHUODVHU
-RXUQDORI2SWLFV	/DVHU7HFKQRORJ\,VVXHS
>@ /DDNVR35XRWVDODLQHQ6*HUKDUG22ORZLQVN\$.XMDQSll9%XWWZHOGLQJRIWUDQVSDUHQWSRO\DPLGH3$ZLWKPILEHU
ODVHU3URFHHGLQJVRIWKHQG,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI/DVHUV	(OHFWUR2SWLFV,&$/(2S0LDPL
>@ 0DPXVFKNLQ92ORZLQVN\$%ULWWHQ6:(QJHOPDQQ&,QYHVWLJDWLRQVRQODVHUWUDQVPLVVLRQZHOGLQJRIDEVRUEHUIUHH
WKHUPRSODVWLFV3URF63,(9RO/DVHUEDVHG0LFURDQG1DQRSURFHVVLQJ9,,,6DQ)UDQFLVFR
>@ 5RHVQHU$$EHOV32ORZLQVN\$0DWVXR1+LQR$$EVRUEHUIUHHODVHUEHDPZHOGLQJRIWUDQVSDUHQWWKHUPRSODVWLFV3URFHHGLQJV
RIWKHWK,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI/DVHUVDQG(OHFWUR2SWLFV,&$/(2S7HPHFXOD
>@ 'HYULHQW0)ULFN76FKPLGW0/DVHUWUDQVPLVVLRQZHOGLQJRIRSWLFDOWUDQVSDUHQWWKHUPRSODVWLFV3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO
:/7&RQIHUHQFHRQ/DVHUVLQ0DQXIDFWXULQJSS0XQLFK
>@ 3ROVWHU6/DVHUGXUFKVWUDKOVFKZHLHQWUDQVSDUHQWHU3RO\PHUEDXWHLOH'RFWRUDO7KHVLV)ULHGULFK$OH[DQGHU8QLYHUVLWlW(UODQJHQ
1UQEHUJ
>@ 0DPXVFKNLQ92ORZLQVN\$9DQGHU6WUDHWHQ.(QJHOPDQQ&/DVHUWUDQVPLVVLRQZHOGLQJRIDEVRUEHUIUHHWKHUPRSODVWLFVXVLQJ
G\QDPLFEHDPVXSHUSRVLWLRQ3URF63,(9RO/DVHUEDVHG0LFURDQG1DQRSURFHVVLQJ,;6DQ)UDQFLVFR
>@ .XURVDNL<6DWRK.$ILEHUODVHUZHOGLQJRISODVWLFVDVVLVWHGE\WUDQVSDUHQWVROLGKHDWVLQNWRSUHYHQWWKHVXUIDFHWKHUPDOGDPDJHV
3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHVS)UWK
>@ 5XRWVDODLQHQ6/DDNVR3.XMDQSll94XDVLVLPXOWDQHRXVODVHUZHOGLQJRIWUDQVSDUHQWSRO\PHUVE\XVLQJEHDPRIIVHWWLQJVFDQQLQJ
482   Viktor Mamuschkin et al. /  Physics Procedia  83 ( 2016 )  472 – 482 
WHFKQLTXH3URFHHGLQJVRIWKHQG,QWHUQDWLRQDO&RQJUHVVRQ$SSOLFDWLRQVRI/DVHUV	(OHFWUR2SWLFVS0LDPL
>@ 0DPXVFKNLQ9(QJHOPDQQ&$GHQ02ORZLQVN\$&RPSDULVRQRIGLIIHUHQWLUUDGLDWLRQPHWKRGVLQDEVRUEHUIUHHODVHU
WUDQVPLVVLRQZHOGLQJ3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQJUHVVRQ/DVHU$GYDQFHG0DWHULDOV3URFHVVLQJ/$03.LWDN\XVKX
>@ +RIIPDQQ:0/DVHUGXUFKVWUDKOVFKZHLHQXQSLJPHQWLHUWHU.XQVWVWRIIH'RFWRUDO7KHVLVS5:7+$DFKHQ8QLYHUVLW\

